Abstract Population differentiation in female mating signals and associated male preferences can drive reproductive isolation among segregated populations. We tested this assumption by investigating intraspecific variation in female sex pheromone and associated male odour preferences among distant populations in the solitary bee Colletes cunicularius (L.) by using quantitative gas chromatography and by performing field bioassays with synthetic blends of key sex pheromone compounds. We found significant differences in sex pheromone blends among the bee populations, and the divergence in odour blends correlated positively with geographic distance, suggesting that genetic divergence among distant populations can affect sex pheromone chemistry. Our behavioural experiments, however, demonstrate that synthetic copies of allopatric female sex pheromones were cross-attractive to patrolling males from distant populations, making reproductive isolation by non-recognition of mating signals among populations unlikely. Our data also show that patrolling male bees from different populations preferred odour types from allopatric populations at the two sites of bioassays. These male preferences are not expected to select for changes in the female sex pheromone, but may influence the evolution of floral odour in sexually deceptive orchids of the genus Ophrys that are pollinated by C. cunicularius males.
Introduction
Divergence in courtship signals has often been referred to as a prominent force promoting reproductive isolation among evolutionary lineages, which may ultimately lead to speciation (West-Eberhard 1983; Andersson 1994; Panhuis et al. 2001) . The major mechanisms commonly raised for driving allopatric divergence in mating cues are (1) stochastic processes (Fisher 1930; Lande 1981) and (2) adaptation to local environments (see Boughman 2002 for a review). These evolutionary forces are not mutually exclusive and might even act in concert, thereby promoting adaptive population divergence over time (Schluter 2000) . In spite of many reports on the nature of courtship signals across the animal kingdom, the extent to which population differentiation in mating cues affects species recognition has received little empirical support and remains a key issue in evolutionary biology (Andersson 1994) .
Most solitary bee species display patchy distribution patterns throughout their range as an outcome of the spatial heterogeneity of their nesting sites and foraging resources (O'Toole 1994; Tscharntke and Brandl 2004 )-which may include only particular floral rewards (oligolectism; Eickwort and Ginsberg 1980; Simpson and Neff 1981) -and an overall restricted ability to forage over great distances (see e.g. Gathmann and Tscharntke 2002) . These constraints may restrict continuous gene flow among distant populations and thus lead to evolutionary divergence, especially under spatially varying selection regimes (Jordan 1905; Wright 1943; Antonovics 1971; Hedrick et al. 1976) .
As in many insects, mate recognition in solitary bees is mediated by chemical cues, so-called sex pheromones (reviewed by Ayasse et al. 2001) , although other mating cues can also be involved (e.g. Larsen et al. 1986; Candolin 2003) . One of the few solitary bees for which sex pheromone data are available is Colletes cunicularius (L.), which can be found in early spring throughout the EuroSiberian region (Noskiewicz 1936) when few other solitary bee species are active (Michener 1974; Larsson and Tengö 1989; Mader 1999) . The chemical basis to mate location and recognition by patrolling C. cunicularius males has recently been unravelled by Mant et al. (2005a) , after earlier studies by Bergström and Tengö (1978) , Cane and Tengö (1981) and Borg-Karlson et al. (2003) . The speciesspecific mate attraction mechanism in C. cunicularius females has been shown to include, as an early step in the males' sexual stimulation and inspection flights, emission of the long-range (>1 m) attractant linalool (3,7-dimethyl-1,6-octadien-3-ol; Borg-Karlson et al. 2003) , a highly volatile and ubiquitous monoterpene alcohol (Knudsen et al. 1993; Raguso and Pichersky 1999; Knudsen and Gershenzon 2006) . Subsequent short-range (<10 cm) mate attraction and copulation attempts are triggered by cuticular hydrocarbons (CHCs) located on the female body surface. A functional dissection of behaviourally active compounds identified by gas chromatography with electroantennographic detection, in addition to behavioural bioassays, has pinpointed a set of three (Z)-7 alkenes of 21, 23 and 25 carbons chain length as key compounds of the female sex pheromone in this bee species (Mant et al. 2005a ).
To date, population variation (i.e. dialects) in female sex pheromone signals and associated preferences have only been reported from moths (see e.g. Klun et al. 1975; Miller and Roelofs 1980; Löfstedt et al. 1986; Hansson et al. 1990; Toth et al. 1992; Kawazu et al. 2000; McElfresh and Millar 2001) and from Drosophila flies (see e.g. Jallon and David 1987; Markow 1991; Stennett and Etges 1997; Etges and Ahrens 2001) . In most cases, geographic isolation of populations along with genetic drift have been shown to foster the evolution of population-specific signals, usually consisting of quantitative "variation on a theme" (i.e. identical key sex pheromone compounds in different relative amounts; Löfstedt et al. 1986; Hansson et al. 1990; Toth et al. 1992; Löfstedt 1993) . Field tests performed with synthetic blends of female sex pheromone compounds have demonstrated population differentiation in compound detection and odour preferences in male moths (see Hansson et al. 1990 and references therein; Toth et al. 1992) . Although the topic of sex pheromone differentiation and its potential role in reproductive isolation and allopatric speciation is one of high interest in evolutionary ecology, very few studies have addressed this issue in hymenopterans, especially in solitary bees (reviewed by Ayasse et al. 2001) .
In this study, we investigated differences in female mating signals in C. cunicularius by performing comparative chemical analyses of the female sex pheromone from five populations from Austria, France, Italy and Switzerland (Fig. 1 ). Additionally, we tested the hypothesis of population-specific odour preferences of C. cunicularius males by performing bioassays with synthetic imitations of population-specific blends of key compounds for mate attraction in two natural populations in Austria and Switzerland. Specifically, we ask the following questions: (1) Does the sex Fig. 1 Sampling localities of C. cunicularius and Ophrys exaltata. The bees were sampled at Ondres-plage (F), Neuhausen (CH), Fussach (A), Vienna (A) and Monte Gargano (It). The sites of bioassays are underlined in black pheromone signal of C. cunicularius females vary among distant populations? (2) Do C. cunicularius males have population-specific odour preferences?
Materials and methods

Sample collection
Virgin C. cunicularius females were collected in early spring in geographically distant populations at Fussach (A; n = 33), Vienna (A; n = 12), Neuhausen (CH; n = 56), Ondres-plage (F; n=20) and Monte Gargano (It; n=16; Fig. 1 ). Virgin females are easily detected after emergence when a cluster of sexually aroused males forms around them. All attractive C. cunicularius females were caught with a hand net, stored individually in chilled plastic cups (Eppendorfs) and instantaneously killed by freezing. Epicuticular waxes of the bees were sampled by extracting the body of individual female bees in 400 μl hexane (high performance liquid chromatography grade) for 1 min. All extracts were stored at −20°C. Before GC analyses, 100 ng n-octadecane was added as internal standard to all samples.
Chemical analyses
All samples were analyzed by gas chromatography (GC) on a Hewlett Packard 6890N GC equipped with a HP-5 capillary column (30 m×0.32 mm×0.25 μm). The injector temperature was kept at 300°C. One microlitre aliquots of the extracts was injected splitless at 50°C (1 min) followed by a programmed increase of oven temperature to 300°C at a rate of 10°C/min; helium was used as the carrier gas. Compounds were identified by comparison of retention times with authentic standard compounds. Additionally, selected samples were analyzed with a GC with a mass selective detector (MSDHewlett Packard G1800 A), and MS spectra compared with those of known reference substances (Mant et al. 2005a ). The absolute amounts of the 40 identified compounds were calculated by the internal standard method as described by Mant et al. (2005a) . Relative proportions (%) were calculated by summing up the absolute amounts of all compounds; absolute amounts of individual compounds were then divided by the sum and multiplied by 100.
Preparation of synthetic blends
The mean relative and absolute amounts of all compounds found in epicuticular extracts of C. cunicularius females (Table 1) were used to prepare three synthetic blends designed to mimic relative proportions of key sex pheromone compounds found in natural extracts of virgin C. cunicularius females from Fussach (A), Monte Gargano (It) and Neuhausen (CH; Table 2 ). Not all behaviourally active compounds (see Mant et al. 2005a ) could be used to prepare the synthetic blends, as only 12 active compounds [including the major compounds for mate attraction described by Mant et al. (2005a) ] were available to us in synthetic form. GC runs of the synthetic blends (synthetic compounds mixed with hexane) were made before bioassays to check the relative amounts of compounds in the blends. Each synthetic mixture tested contained equal absolute amounts of active compounds in different ratios (Table 3 ). This method allowed focusing on ascertaining the impact of individual hydrocarbon profiles (and not absolute amounts of compounds) on the short-range attractiveness of the blends towards mate-searching males.
Behavioural experiments
Bioassays were performed in late March and early April in natural populations at Fussach (A) and Neuhausen (CH; Fig. 1) where thousands of C. cunicularius males were patrolling for emerging females on restricted nesting/ emergence sites. The density of bees in each site was stable over the days of observations, although higher at Neuhausen (CH) than at Fussach (A). Behavioural responses of male bees towards dummies (black cylindrical plastic beads, 4×5 mm, mounted on an insect pin) scented with synthetic blends were taped using a voice recorder during 3 min and classified into two categories: (1) number of approaches [hovering in front of the dummy at close range (<10 cm) without any contact with the odour source] and (2) number of contacts (from a short pounce to a copulation attempt with the scented dummy). Odour sources were presented individually for each test (i.e. each scented dummy was used only once). A female-equivalent amount of 2.5 μg of each synthetic blend was applied on each dummy with a Hamilton glass syringe (100 μl; see blend composition in Table 3 ). The dummy was then placed in a male patrolling area after the solvent had evaporated. Controls (dummies treated with solvent only and placed in a male patrolling area after the solvent had evaporated) were tested independently for their attractiveness after every 5th test. All bioassays were conducted between 10 A.M. and 3 P.M.-when C. cunicularius males' patrolling activity was at peak. As males of C. cunicularius have been shown to patrol fairly localized regions on the nesting/ emergence site (Peakall and Schiestl 2004) , test spots were changed after each bioassay in both populations to test the responses of different males to synthetic odour blends.
Statistical analyses
Means and standard errors (SE) of absolute (μg/ml) and relative amounts (%) of all identified compounds were calculated for all natural extracts. When transforming data did not yield normal distributions and variances were not homogeneous, we used a non-parametric Kruskal-Wallis (K-W) test for multiple independent comparisons of absolute and relative amounts of compounds among bee populations. Mann-Whitney (M-W) U-tests were performed for a posteriori pairwise comparisons of (1) the total amounts of compounds and (2) relative amounts of each compound among populations. A standard Bonferroni correction was used for pairwise comparisons among bee populations; the level of significance (α) was set to 0.005 (α=0.05 divided by the number of comparisons, i.e. α=0.005).
Multivariate analyses of population variation in cuticular hydrocarbons (relative amounts, in %) of C. cunicularius females were performed by canonical discriminant function (CDF) analysis, as the data did not contain significant outliers and given that this multivariate method is robust even when the homogeneity of variances assumption is not met (Brosius 2002) . CDF analysis was performed with all behaviourally active compounds. To test for differences in male bee responses to synthetic blends, a one-way analysis of variance (ANOVA; with LSD post-hoc test) was used. All these statistical tests were performed with the SPSS 11.5 package (Brosius 2002) .
The spatial structuring of the female sex pheromone in C. cunicularius was investigated by performing a Mantel (1967) test, as implemented in GenAlEx 6 (Peakall and Smouse 2005a,b) based on individual-by-individual Euclidean distances in relative amounts of chemical compounds vs geographical distance among populations. Random permutations (n = 99) were used to test for significant correlation between divergence in odour compound profiles (active compounds) and geographical distance among sample populations. Results
Odour differences among bee populations
Our results show that all natural extracts of virgin C. cunicularius females of each population investigated contained all 40 odour compounds identified by Mant et al. (2005a) . Overall significant differences were found among C. cunicularius populations in absolute amounts of (1) (Table 1) .
A CDF analysis performed with all behaviourally active cuticular hydrocarbons recorded in solvent extracts of attractive C. cunicularius females allowed us to resolve the five bee populations into weakly overlapping groups (Fig. 2) . This CDF analysis rejects the null hypothesis of homogeneity of covariance matrices (Box's M=538.135, P<0.001; small Wilks' λ values: Wλ1=0.025; Wλ2=0.115 and associated P1 and P2<0.001). The high discriminatory ability of the canonical discriminant functions 1 and 2 (plotted in Fig. 2) provides evidence for the importance of the independent variables (i.e. all behaviourally active odour compounds, including compounds 6-8 in Table 2 ) to the discriminant analysis. Canonical correlation values close to 1 (Cc1=0.884; Cc2=0.822) associated with the two CDFs plotted in Fig. 2 further account for the significant contribution of the first two canonical discriminant functions to the resolving of all five C. cunicularius populations into weakly overlapping groups. The two CDFs plotted in Fig. 2 account for 76 .4% of the overall variance among groups, which further indicates their great discriminatory ability in the model (81.0% of cross-validated grouped cases were correctly classified). Overall, more than 50% of all cross-validated samples were assigned correctly to their population by the two CDFs [Fussach (A), 51.5%; Vienna (A), 50.1%; Neuhausen, 98.2%; Ondres-plage, 85%; Monte Gargano, 81.3%].
A Mantel test performed with all active compounds revealed a significant positive correlation between divergence in chemical compounds profiles and geographical distance among populations (y=0.0001x+0.1649; P<0.05; r=0.654; Fig. 3 ).
Behavioural experiments
Results from bioassays carried out at Fussach (A) and Neuhausen (CH; Fig. 1 ) indicate that male bees from both the Austrian and the Swiss populations were able to discriminate between the three synthetic odour blends with different relative amounts of behaviourally active cuticular hydrocarbons (Fig. 4) . We also found that the three synthetic blends triggered different levels of attraction in C. cunicularius males and that synthetic blends designed to mimic sex pheromones from allopatric populations were significantly more attractive to patrolling males than synthetic copies of sympatric sex pheromones at both sites of bioassays [i.e. the Fussach (A) and Monte Gargano (It) Fig. 2 Population differentiation in cuticular hydrocarbons in virgin C. cunicularius females. Canonical discriminant function (CDF) plot of all behaviourally active compounds (relative proportions, in %) found in epicuticular extracts of the female bees. Functions 1 and 2 account for 76.4% (48.4 and 28.0%, respectively) of the total variability among populations blends were significantly more attractive than the Neuhausen (CH) blend at Neuhausen (CH), whereas the Monte Gargano (It) and the Neuhausen (CH) blends were significantly more attractive than the Fussach (A) blend at Fussach (A)] (Fig. 3) . The differences in total responses between the two sites of bioassays are due to the higher bee density in Neuhausen (CH) than Fussach (A).
Discussion
Sex pheromone "dialects"
In this paper, we report "dialects" in both absolute and relative amounts of compounds of the female sex pheromone in the wild bee C. cunicularius. Multivariate analyses performed with relative amounts of behaviourally active compounds identified in solvent extracts of virgin C. cunicularius females allowed us to place the five populations sampled into weakly overlapping clusters (i.e. population-specific dialects) within a multidimensional "olfactory landscape" (Fig. 2) . Similar cases of sex pheromone dialects have been found in the turnip moth Agrotis segetum, for which females from segregated populations use population-specific blends consisting of different relative amounts of the same behaviourally active compounds (see e.g. Löfstedt et al. 1986; Hansson et al. 1990; Toth et al. 1992) . In Drosphila mojavensis, where cuticular hydrocarbons are involved in mate recognition, Stennet and Etges (1997) and Etges and Ahrens (2001) have provided evidence for populationspecific patterns of long-chain cuticular hydrocarbons. Collectively, these results suggest that polymorphism in sex pheromone systems among segregated populations might concern a wide array of insect taxa.
Our results also show significant spatial structure in the female sex pheromone in this bee species, i.e. that odour samples from neighbouring populations, presumably encompassing the genetically most similar individuals, cluster together in the olfactory landscape (Figs. 2 and 3) . Although this finding strongly suggests isolation-by-distance and a prevalent genetic basis of differences in patterns of behaviourally active compounds, the impact of environmental components such as changes in larval rearing substrates on variation in chemical signals cannot be ruled out a priori. Indeed, persuasive fits between shifts in larval diet and the resulting differences in cuticular hydrocarbon profiles in adults have already been documented in ants (see e.g. Liang and Silverman 2000) and in Drosophila (see e.g. Jallon and David 1987; Markow and Toolson 1990; Stennett and Etges 1997) where changes in CHC profiles have been shown to affect dramatically species recognition and, in some cases, to result in premating isolation among lineages adapted to different foraging resources (Koepfer 1987a,b; Etges 1992; Etges and Ahrens 2001) . The genetic basis of population differences in sex pheromone signals has, however, been recently supported by Watts et al. (2005) in the tropical fly Lutzomyia longipalpis. These authors combined data on sex pheromone chemistry and phylogeography from multiple populations and showed that spatial genetic structure was detected and that increased genetic differences among populations were positively correlated with increased differences in sex pheromone chemistry. Likewise, analyses performed by Dapporto et al. (2004) on CHC profiles in the paper wasp Polistes dominulus have shown that island and mainland populations sampled in the Tyrrhenian region formed separate clusters. As suggested by Dapporto et al. (2004) , part of the explanation for this finding could be that the similarities in proportions of CHCs might reflect the closer genetic relatedness among individuals inhabiting populations of islands vs the mainland. In C. cunicularius, future studies on genetic structure of populations and their relatedness may help to elucidate whether population differentiation in sex pheromones are primarily determined by genetic and/or environmental factors.
Odour preferences in C. cunicularius males It has long been argued that population divergence in secondary sex traits and associated mate preferences has the potential to lead to the establishment and evolution of pre-zygotic isolating barriers among segregated populations (Andersson 1994; West-Eberhard 1983) . For example, in Drosophila mojavensis, premating isolation has been described as a consequence of significant differentiation in both courtship (chemical) signals and mate preferences for these traits among populations (Krebs and Markow 1989; Etges 1992) . Similarly, Roelofs et al. (2002) have demonstrated the occurrence of shifts in the structure of sex pheromone components in Ostrinia moths. Along with the existence of rare males that might track these changes and respond to the new pheromone blend, such changes may lead to the evolution of an Ostrinia species with distinct sex pheromone signal.
Our study shows that patrolling C. cunicularius males from both sites of bioassays perceive subtle differences (Mantel's r=0.654; P<0.05 with 99 permutations) among odour samples that consist of identical key compounds but differ in relative amounts (Fig. 4) , a phenomenon that was already shown in other non-Apis bees such as Andrena nigroaenea , Lasioglossum malachurum (Ayasse et al. 1999) and Osmia rufa (Ayasse and Dutzler 1998; Ayasse et al. 2000) . Our study provides a multiple-population comparison of male odour preferences in a solitary bee and shows that patrolling C. cunicularius males are attracted to sex pheromone dialects from "exotic" (i.e. allopatric) populations, which suggests the sharing of mate recognition cues (sensu Paterson 1985) among segregated populations in this solitary bee species.
Many studies on sexual selection have largely documented that individuals often recognize and prefer to mate with individuals from "local" (or proximate) vs "exotic" populations (see e.g. Andersson 1994 and references therein; Boake 2002; Wong et al. 2004 and references therein) . By contrast, our bioassays show that patrolling C. cunicularius males prefer odour types different from those found in their own population (i.e. "exotic" sex pheromones). We suggest two explanations for this "exotic effect": (1) As C. cunicularius is a gregarious solitary bee for which males search for mates in a restricted area of their nesting/emergence site (Peakall and Schiestl 2004) , preferences for "exotic" pheromone signals in patrolling males may be innate and promote outbreeding by avoiding sibling mating, should the opportunity arise. The recourse to odour-based preferences for females to which males are probably less related has rarely been found before in bees (but see Smith and Ayasse 1987; Smith and Breed 1995) , yet other similar cases have been found in flies (reviewed by Boake 2002), female crickets (Simmons 1989) as well as in mammals (Potts and Wakeland 1993; Clarke and Faulkes 1999) , where it has also been advocated that such instances of odour-based mate choosiness might mirror optimal outbreeding. (2) Alternatively, odour-based discrimination may reflect learning abilities of patrolling C. cunicularius males, which prefer odour cues dissimilar to those they have encountered during earlier mating attempts (e.g. Wcislo 1992 and references therein; Ayasse et al. 2000) . Under strong male-male competition for access to emerging, virgin females and given that females in this solitary bee species are monandrous (Bergström and Tengö 1978) , such odour preferences might help to avoid futile mating attempts by successively directing males towards virgin females they have not yet encountered.
Collectively, as our results show, population divergence in female mating signals and associated male preferences in C. cunicularius is unlikely to lead to speciation (i.e. premating isolation by non-recognition of female secondary sex traits), as synthetic copies of allopatric female mating signals were shown to be cross-attractive to patrolling C. cunicularius males from distant populations (Fig. 4) . Besides, the odour preferences for "exotic" blends found in males of C. cunicularius (Fig. 4) are unlikely to select for extreme deviation from the median female sex pheromone blend within populations because females are the limiting sex and hence, little subjected to male-mediated selection. However, mate preferences in male bees such as those reported here for C. cunicularius might transfer into selection on floral traits in those orchids that imitate mating signals of female hymenopterans for pollination and that are limited in their reproductive success by access to pollinators (see e.g. Schiestl 2004 ).
Evolutionary implications for Colletes-Ophrys mimicry systems
Insect communication signals are sometimes imitated by other organisms, which exploit the behaviour of the duped species (Dettner and Liepert 1994; Maynard Smith and Harper 2003 and references therein) . A well-known case of this sort involves orchids of the genus Ophrys whose flowers mimic chemical, visual and tactile stimuli of virgin female bees (the model) and are pollinated exclusively by sexually aroused males of the respective species (the dupe or operator; reviewed by Schiestl 2005) . Among the puzzling diversity of Ophrys species specialized on different pollinator species, at least four Ophrys species have evolved to mimic C. cunicularius mating cues (Mant et al. 2005b and references therein). One of them is Ophrys exaltata Tenore, which emits a species-specific floral odour blend consisting of compounds identical to those employed by C. cunicularius females to attract their mate (Mant et al. 2005a) . In this orchid species, population differentiation in the floral odour was found to be stronger in floral odour compounds involved in pollinator attraction (active compounds) as compared to non-active compounds (Mant et al. 2005b ), which implied pollinator-imposed selection mediated by population-specific preferences of male bees for mating cues. Our study demonstrates population-specific preferences of pollinators, the requirement for such a scenario, and thus supports the findings of Mant et al. (2005b) .
Although it is often predicted for Batesian mimicry systems that mimics (i.e. orchids) are selected for signal refinement to optimally match the signal emitted by their model (i.e. virgin female bees ; Fisher 1930; Turner 1988 and references therein; Stowe 1988), our finding of an "exotic effect" predicts that the orchids should evolve "exotic" odour bouquets (yet remaining within the boundaries of the communication channel to ensure attractiveness to the male pollinators), which slightly differ from the female bees within populations, and thus, be preferred by C. cunicularius males. These differences between orchid and female bee signals might, however, only be detectable through multivariate comparisons of orchid odour and female sex pheromone, using large sample sizes, which has not been employed in any orchid-pollinator study so far. We are currently investigating odour bouquets of orchids and virgin female bees from multiple populations to test, at the population scale, whether population differentiation in male bee preferences drives associated divergence in odour between female bees and the Ophrys species they pollinate.
